In the past several years, a great deal has been learnt about the molecular basis through which specific neural pathways in the visual system are established during embryonic development. This review provides a framework for understanding the principles of retinal ganglion cell axon guidance, and introduces some of the families of axon guidance molecules involved. In addition, the potential relevance of retinal axon guidance to human visual developmental disorders, and to retinal axon regeneration, is discussed. 
W
iring the human brain is one of nature's greatest feats, and one of its most daunting tasks. Neurons numbering in the billions must be specifically connected to one another to assemble functioning neural circuits. The basic framework of neuronal connectivity is built during fetal development in a process called axon pathfinding. During pathfinding, the axons of developing neurons navigate long distances along specific pathways to reach their appropriate targets. The characterisation of the molecules in the developing brain environment that guide axons, as well as the receptors and signalling cascades through which guidance molecules exert their influence, form the central areas of investigation in the field of axon guidance.
One of the best studied models of axon guidance is the developing retinal ganglion cell (RGC) and its axon. Recent work has begun to shed light on the molecular mechanisms that govern RGC axon guidance during optic nerve development, the formation of the optic chiasm, and the establishment of retinotopic maps in visual targets such as the superior colliculus. Our goal in this review is to discuss a number of the pathfinding tasks that developing RGC axons must accomplish. In doing so, we will provide examples of how guidance molecules steer RGC axons to illustrate fundamental principles of axon pathfinding. In addition, we will highlight aspects of RGC axon guidance that have potential relevance to visual developmental disorders, and discuss how lessons of axon guidance may be applied towards a better understanding of axon regeneration in the visual system.
THE AXON GROWTH CONE AS AN EXPLORATORY APPARATUS
During pathfinding, axons elaborate specialised structures at their tips called growth cones through which they sense and respond to the environment (see Fig 1) . The growth cone is a fan-shaped motile structure with finger-like filopodia, and is constructed of actin filaments extending from a central microtubule core. 1 As a growth cone extends in the embryonic environment, receptor molecules on its surface interact with guidance molecules displayed in the extracellular matrix or on the surfaces of surrounding cells. Upon activation of these receptors by guidance molecules, intracellular signalling cascades are triggered which eventually feed into pathways altering the assembly of cytoskeletal components such as actin and tubulin. Signalling cascades causing a net addition of cytoskeletal components are thought to lead to growth cone advance, while net disassembly may lead to axon retraction. Asymmetric signalling on one side of the growth cone is thought to lead to turning and change in the direction of growth. [1] [2] [3] In the past several years, as researchers identified significant numbers of guidance molecules and begin to understand how particular combinations are used for specific pathfinding tasks, the rough outlines of how the visual system is assembled is beginning to emerge.
BASIC BUILDING BLOCKS-GROWTH CONE ATTRACTION VERSUS REPULSION
Among the earliest axon guidance molecules identified were extracellular matrix molecules such as laminin and fibronectin that promote axon growth. Analysis of the protein domain structure of these and other subsequently identified families of guidance molecules showed that guidance molecules in general all contain a number of common domain motifs such as immunoglobin-like repeats, EGF repeats, and fibronectin type III domains. Each family of guidance molecules is, however, also defined by its own distinctive domain (see reviews by TessierLavigne and Goodman 4 and Yu and Bargmann ). In addition to guidance molecules that promote axon outgrowth, an important contribution to our understanding of axon pathfinding was the discovery that a substantial number of guidance proteins control axons by inhibiting their ability to extend. Given that the nervous system is able to both encourage and inhibit axon growth, it would seem that one simple strategy for axon guidance is to use arrays of growth promoting and inhibitory guidance cues to steer developing axons along specific pathways to their targets. Indeed, as illustrated in the following examples, there are instances of RGC axon guidance that seem to reflect this strategy.
GROWTH PROMOTION AND AXON FASCICULATION
The first major pathfinding task for a newly born RGC is to extend an axon towards the optic nerve head. During development, ganglion cells are born in a central to peripheral gradient such that the oldest RGCs are closest to the optic disc and the younger RGCs are in more peripheral retina. Newly formed RGC axons are in contact with axons of older RGCs and travel along, or fasciculate with, these neighbouring axons to reach the optic nerve head. This fasciculation appears to be due to growth promoting molecules such as L1 on the RGC axons themselves. L1 is a member of the immunoglobulin family of cell adhesion molecules, 6 and functions in a homophilic manner. Homophilic binding means that an L1 molecule on a given axon binds an L1 molecule on an adjacent axon. It is thought that such L1 homophilic interactions encourage retinal axons to grow in bundles, or fascicles, within the retina on their way to the optic disc. This model is supported by the finding that experimental blockade of L1 function, or the function of related Ig guidance molecules, causes RGC axons to wander in the retina instead of growing directly to the optic disc. 7 8 Thus, RGC axon pathfinding to the optic disc appears to involve the ability of retinal growth cones to follow a trail of attractive axon guidance molecules.
Attraction from a distance Along with guidance molecules such as LI that are displayed on surfaces of cells or other axons, the nervous system also uses secreted proteins to attract axons. These secreted attractants add a degree of versatility to pathfinding because they can diffuse away from their source to influence growth cones at a distance. Netrin-1 was the first secreted attractant identified in vertebrates, and was initially characterised as an important guidance molecule during development of the spinal commissural axons. [9] [10] [11] The floorplate, which forms the ventral midline of the developing spinal cord, secretes netrin molecules that can diffuse away to form a gradient. The axons of commissural neurons in dorsal spinal cord find their way ventrally to the midline by following this increasing netrin gradient. In the visual system, several lines of evidence have shown that netrin-1 plays a critical part in RGC axon exit from the retina into the developing optic nerve. 12 Firstly, netrin-1 protein is expressed by neuroepithelial cells at the developing optic nerve head which are in close contact with RGC axons. Secondly, RGC axons in vitro respond to netrin-1 as an attractive guidance molecule. Lastly, mice with a targeted deletion of the netrin-1 gene exhibit pathfinding errors at the optic disc where RGC axons fail to exit into the optic nerve and instead grow inappropriately into the other side of the retina (see Fig  2) . As a result of this aberrant pathfinding, these mice exhibit optic nerve hypoplasia. 12 
USING INHIBITORY GUIDANCE IN THE RETINA
The discussion thus far has focused on guidance attraction either as a result of RGC growth cones contacting cell or axon surfaces displaying growth promoting cues or responding to diffusible molecules secreted at a distance. However, RGC axon pathfinding in the retina also uses inhibitory guidance molecules. After RGCs are born, what ensures that their axons head correctly towards the optic nerve head instead of growing towards the peripheral retina? Although an explanation involving intrinsic RGC properties that properly orient initial axon outgrowth is possible, studies in rodents have provided evidence for an active inhibitory mechanism preventing RGC axons from heading incorrectly towards the peripheral retina. This mechanism appears to involve a ring of chondroitin sulphate proteoglycan in the peripheral retina adjacent to the youngest RGCs (see Fig 3) . Chondroitin sulphate is found in the extracellular matrix, and has been shown to inhibit RGC axon growth in vitro. 13 14 Enzymatic breakdown of chondroitin sulphate during retinal development resulted in RGC axons with abnormal trajectories in the peripheral retina. 13 These findings suggest that inhibition helps send RGC axons in the correct direction towards the optic disc at the very start of their journey.
INHIBITORY GUARDRAILS DURING OPTIC CHIASM DEVELOPMENT
Growth cone inhibition is also important once RGC axons have left the retina. The slit proteins are a family of inhibitory axon guidance molecules that were originally discovered to have a guidance role in the Drosophila midline and longitudinal tracts. 15 16 In mammalian development, slits have been implicated in olfactory system guidance, neural migration, and axon branching [17] [18] [19] (for a slit review see Brose and Tessier-Lavigne 20 ) . Recent work has demonstrated that slit proteins govern where RGC axons form the optic chiasm on the ventral surface of the developing hypothalamus. 21 Slits are known to inhibit RGC axons in vitro, [22] [23] [24] and are normally expressed in regions both anterior and posterior to the developing optic chiasm. In mice deficient in slits, some RGC axons form a secondary optic chiasm anterior to the normally situated optic chiasm. 21 The region into which the chiasm was Figure 1 The growth cone. Extracellular guidance molecules bind surface receptors on the growth cone. In turn, these receptors activate signalling cascades that ultimately influence growth cone cytoskeletal components controlling morphology and motility. Signalling cascades are known to affect the actin cytoskeleton. It is not clear whether there are also direct influences on growth cone microtubule assembly during axon guidance.
shifted normally expresses slits, suggesting that slit inhibition forms a barricade to properly channel RGC axons at the chiasm (see Fig 3) . However, since not all RGC axons are affected by the slit deficiency, other guidance cues must also play a part in governing RGC axon pathways at the developing optic chiasm.
Growth cone repulsion at a distance Just as growth promoting molecules exist as cell attached and secreted proteins, inhibitory guidance molecules can also exist as cell attached or diffusible repellents. The first diffusible inhibitory guidance molecule identified belonged to the semaphorin family (for semaphorin reviews see Nakamura et al 25 and Raper 26 ). Now called Sema3A, this protein was identified by its ability to "collapse" growth cones in vitro. 27 Collapse has become a hallmark of in vitro inhibition, and occurs when axons treated with an inhibitory molecule undergo actin depolymerisation, lose their filopodia and fan-shaped structure leaving just a thin tip. 27 A role for semaphorins in RGC axon guidance has yet to be clearly established. However, there is recent evidence that Sema3A collapses RGC axons from the frog Xenopus laevis in vitro, 28 although it is not known where Sema3A is expressed in the developing visual system. Studies have also identified the presence of a transmembrane semaphorin (Sema VI) in the mammalian retina. 29 However, since semaphorins have diverse roles in development including control of neural migration, 30 it is not clear whether the semaphorin VI influences RGC axon guidance or other aspects of retinal development. While the role of semaphorins in the development of central retinal pathways remains to be determined, it is of note that Sema3A is expressed in developing cranial tissues. Mice deficient in Sema3A exhibit cranial nerve axon guidance errors resulting in abnormal innervation patterns of the facial and trigeminal nerves. 31 
Mapping through gradients
The previous examples have illustrated how the visual system uses individual guidance molecules to provide simple forms of growth cone attraction or inhibition. It is clear however that more sophisticated strategies such as graded inhibition are also employed. The use of gradients of guidance molecules is best illustrated by the formation of the retinotopic map in the superior colliculus. The characteristic feature of the retinotopic map is that axons of neighbouring RGCs project to neighbouring sites in CNS targets to faithfully recreate a retinal map of visual space. The molecular mechanism of mapping represents an intriguing problem since the targeting of each axon must be coded by slightly different information from its neighbours for proper alignment. Rather than assigning a distinct guidance receptor to each axon, and an individual guidance molecule to each target cell, the nervous system uses gradient mapping to solve the problem.
Early insight came when researchers discovered that given a choice in vitro, RGC axons from the chick temporal retina avoided growing on cell membranes harvested from the posterior optic tectum (avian homologue of the superior colliculus), and that this avoidance was due to a repellent molecule present in posterior tectal membranes. ) ephrins are highly expressed. Axons from the progressively more nasal retina, on the other hand, carry fewer Eph receptors that are thus capable of mapping to more posterior sites in the target. The graded expression of Eph receptors, on different RGC axons and gradients of inhibitory guidance molecules, assists the visual system in generating a retinotopic mapping in the colliculus. Additional work has suggested that Eph/ephrin gradients may also contribute to RGC topographic target recognition in other visual targets such as the lateral geniculate nucleus. 35 The use of inhibitory gradients to sort RGC axons enormously amplifies the amount of information carried by a small set of guidance molecule-receptor pairs.
Bifunctionality and reverse signalling So far in this review, the discussion has categorised guidance molecules into those that promote axon outgrowth and those that exert inhibitory effects on growth cones. It is now known that this distinction is not always correct, and that, at times, the same axon guidance molecule can act as either an attractant or a repellent. Bifunctionality not only offers increased flexibility during axon guidance, but also maximises the amount of guidance information that a single molecule can provide. Evidence in mammals for the ability of a single guidance molecule to both attract and repel axons has come from studies showing that netrin-1, known to promote growth from spinal axons and RGCs, actually repels the axons of trochlear motor neurons. 36 These experiments corroborated earlier evidence from invertebrates that a single Netrin source could attract some neurons and repel others. 37 Bifunctional guidance information blurs the distinction between attractive and repulsive guidance as the function of a given guidance molecule depends on the axon population being affected.
Another example of the nervous system maximising guidance information resulting from ligand/receptor interactions can be found in the Eph/ephrin family of guidance molecules. It is known that ephrins normally bind to Eph proteins that serve as receptors in RGC axon mapping in the superior colliculus. However, a number of studies have also shown that Eph proteins can additionally act as ligands and trigger signalling events in cells expressing ephrins. First described in biochemical studies, 38 this reverse flow of information from Eph through ephrin molecules has been shown to have an important role in RGC axon navigation within the retina to the optic disc. Although Ig family molecules such as L1 mediate retinal axon fasiculation during growth towards the optic nerve head, L1 by itself is not enough. The visual system also exposes retinal axons approaching the optic nerve head to an inhibitory gradient of EphB proteins in order to maintain tight axon fasciculation 39 40 (see Fig 2) . Elimination of EphB proteins, which in this case are functioning as guidance molecules, results in retinal axon defasciculation with the affected retinal axons bypassing the optic nerve head exit point. 39 40 Integration at the growth cone As expression patterns of more guidance molecules in the developing brain were characterised, it became clear that the nervous system does not simply use a serial non-overlapping sequence of guidance molecules to steer axons. Instead, growth promoting molecules are often found in regions overlapping with inhibitory guidance molecules. The simplest way for a growth cone to combine information presented simultaneously by multiple guidance cues is to sum all the guidance forces. This model predicts that growth cones are influenced by the net effect of the total attractive and repulsive forces. Some evidence for a summation model comes from genetic studies in Drosophilia. Experimental alterations in the expression levels of attractive netrins versus inhibitory semaphorins in individual muscle cells resulted in predictable behaviour of the innervating motor axon growth cone. For example, ramping up semaphorin mediated inhibition in the muscles, which repelled motor neuron axons, could be counterbalanced by also raising the levels of netrin mediated attraction in the muscles. 41 In this system, it appears that motor axons find their appropriate muscle targets based on a proper balance of attraction and repulsion.
MODULATION OF RESPONSES
In addition to the summation model described above, evidence suggests that the nervous system can also combine guidance information in a less predictable fashion. For example, RGC axons from the frog Xenopus interpret netrin-1 to be an attractive guidance molecule, and they will grow towards a netrin-1 source in vitro. 42 However, if RGC axons are also simultaneously exposed to laminin, a molecule that normally promotes growth, an inhibitory response is triggered. 43 This surprising finding demonstrates that a growth promoting substrate and a diffusible attractant can combine into an inhibitory force. In Xenopus, like in the mouse retina, the diffusible attractant netrin-1 is present at the optic nerve head, and probably also governs retinal axon growth into the optic nerve. Given that laminin is present in the region of the mammalian optic nerve head, the results suggest that in normal development, as RGC axons simultaneously encounter both laminin and netrin-1, inhibition drives axons away from Figure 3 Mechanisms of RGC axon guidance in the vertebrate visual system. In the retina, axons are repelled from the periphery by chondroitin sulphate. En route to the optic disc, RGC axons fasciculate due to L1 expression and an Eph inhibitory gradient. At the optic disc, RGC axons exit into the optic nerve using a mechanism based on netrin mediated attraction. Within the optic nerves, RGC axons are kept within the pathway, possibly by inhibitory slit protein. Slits also contribute to positioning the optic chiasm by creating zones of inhibition. Finally with the superior colliculus, RGC axons map to specific target positions by responding to gradients of inhibitory ephrin molecules. Axons from temporal retina, which express high levels of Eph receptors, map to anterior colliculus, which express low levels of the inhibitory ephrin ligand.
the laminin rich retinal surface through the optic nerve head. In this situation, the growth cone's response to netrin is switched by the presence or absence of laminin. This mode of action allows the nervous system to modulate the effects of a guidance molecule on an axon by adding or subtracting a second cue.
CELL SIGNALLING AND SWITCHING BETWEEN ATTRACTION AND INHIBITION
One mechanism that could explain how growth cones exhibit varying responses to the same guidance molecule under different circumstances involves cyclic nucleotide mediated intracellular signalling. Experiments have indicated that attraction and repulsion are determined downstream of the guidance receptor and, in fact, a single axon can be made to grow towards or away from a guidance molecule source by manipulating only the cyclic nucleotides in the growth cone. 2 3 42 This finding made very clear that the attractive or inhibitory effects of guidance molecules and their receptors are not inherent to the proteins at the cell surface, but instead are a result of multiple interacting intracellular signalling cascades. These interacting signalling cascades present a mechanism for the integration of multiple guidance messages, and could explain how a growth cone changes its response to a given guidance molecule at different points in a pathway. A better understanding of the intracellular events controlled by various ligand-receptor pairs will provide insight into how guidance molecules combine to steer growth cones in vivo.
RECEPTOR SILENCING AND HIERARCHY OF GUIDANCE RESPONSE
An important question in axon guidance is how axons that have grown into an attractive area can ultimately leave and continue on the next segment of their pathfinding journey. While several possibilities exist, there is evidence that exposure to a new guidance molecule can silence the effects of guidance forces that the growth cone was following previously. This silencing idea represents a novel model for how axons integrate multiple guidance forces. As described earlier in this review, a netrin-1 gradient produced by the floorplate attracts spinal commissural axons to the ventral midline. Interestingly, the floorplate also produces inhibitory slits. It appears that commissural axons approaching the floorplate are attracted by netrins and ignore the slit protein. However, once these same axons cross the ventral midline at the floorplate, they are no longer affected by netrin-1 and instead are repelled by slits. The underlying mechanism is that the slit receptor itself, which only becomes available after midline contact, mediates not only the slit based repulsion but also binds directly to, and silences, the netrin receptor. 44 This scenario allows the axons to be drawn towards the netrin rich floorplate, and then repelled by slit from the floorplate so the axons do not linger at or recross the midline. 45 Using receptor silencing in this fashion, the nervous system can potentially control which of many available guidance factors influence the growth cone at different points along an axon's journey. Currently it is not known whether receptor silencing also works to mediate RGC axon pathfinding. However, one segment of the retinal pathways where this mechanism may come into play is the optic nerve, where both netrin and slit are known to be present. A form of receptor silencing may be required for RGC axons to leave netrin attraction in the optic nerve and enter the chiasm midline region known to lack netrin. 12 
AXON GUIDANCE IN THE HUMAN VISUAL SYSTEM
Almost all of the studies discussed above were performed in the developing visual systems of lower vertebrates or rodents. Naturally, one question is how much of what we have learned about retinal axon guidance from these species can be applied towards understanding how the human visual system is assembled. Some insight can be obtained by considering the fact that the molecular basis of growth cone guidance is highly conserved throughout evolution. For example, homologues of many of the axon guidance molecules discussed here, such as netrins, slit, and semaphorins, have been identified in invertebrates such as the fruit fly Drosophilia and the nematode C elegans, where they also participate in axon pathfinding during neural development. 15 37 46-48 Human homologues of netrins, slits, semaphorins, and ephrins have also been identified, 46 49 but as yet, little is known about their patterns of expression or function during human development. However, it seems highly likely that these same gene families, and similar axon guidance principles, contribute to patterning the human visual system. A list of molecules contributing to axon guidance is given in Table 1 .
DEVELOPMENTAL DISORDERS
It is of note that the elimination of specific axon guidance molecules during development of the mouse nervous system have resulted in phenotypes that bear a striking resemblance to CNS abnormalities found in some human syndromes. Several examples come from axon guidance studies within the retina. For instance, the loss of netrin-1 at the optic disc causes RGC axons to fail to exit the retina, and leads to optic nerve hypoplasia. 12 Optic nerve hypoplasia is an important cause of childhood visual disability, and a number of potential aetiologies have been proposed including abnormal RGC neurogenesis, or inappropriate RGC cell death due to defects in target derived trophic support. The examination of netrin-1 function in mouse visual development suggests that an additional potential mechanism is defects in genes encoding retinal axon guidance molecules. In addition to defects in optic nerve formation, the lack of netrin-1 function during development also results in abnormalities in other parts of the CNS. These include agenesis of the corpus callosum, and a number of cell migration and axon guidance defects in the hypothalamus. 50 In humans, the triad of optic nerve hypoplasia, abnormal corpus callosum formation, and pituitary dysfunction is found in the syndrome septo-optic dysplasia. 51 Mice lacking Eph B guidance proteins also exhibit retinal axon guidance defects. RGC axons in these mice stray away from normally tight fascicles and miss the optic disc exit point. 40 Of note, these guidance defects are found specifically in axons originating from the dorsal, or superior, part of the retina. 40 In humans, a similar restriction of an anatomical defect to superior retina is present in patients with superior segmental nerve hypoplasia patients. 52 One speculation is that the pathogenesis of superior segmental optic nerve hypoplasia shares similarities with the developmental mechanisms controlling expression of axon guidance molecules in the dorsal-ventral retinal axis.
REGENERATION IN THE VISUAL SYSTEM
The remarkable capacity for growth, and specific wiring, during development is not present in the adult visual system. Adult retinal axons, after damage through disease or trauma, are incapable of regenerating and re-establishing functional circuitry. As a consequence, injury to the visual system, like damage elsewhere to the adult CNS, results in permanent functional impairment. Given the debilitating effects of CNS axon injury, substantial effort has been undertaken to identify the reasons for the failure of axon regeneration in the injured brain. Studies show that adult CNS neurons, including RGCs, retain the ability to regrow, but appear to be prevented from doing so by inhibitory proteins in their environment. Identified inhibitory proteins include CNS myelin proteins such as Nogo (reviewed in Brittis and Flanagan 53 ) and myelin associated glycoprotein (MAG), 54 as well as extracellular matrix molecules like tenascin. 55 Much like inhibitory axon guidance molecules, several of these proteins trigger growth cone collapse. This observation suggests that results from studies of the molecular basis of axonal pathfinding during development may to some degree be applicable to regeneration therapies in the clinical setting. Further weight is lent to this argument by the recent findings that axon guidance molecules important during development reappear in the setting of CNS injury. For instance, the inhibitory axon guidance molecule Sema3A is found in scar tissues following spinal cord injury, and is hypothesised to have a role in preventing CNS axon regeneration across the site of injury 56 57 (reviewed in Pasterkamp and Verhaagen 58 ). In the visual system, members of the ephrin family that mediate the development of the retinocollicular map continue to be expressed in the adult superior colliculus after optic tract injury. 59 This finding raises the prospect that sufficient molecular information may be present in the adult to reconstitute a functional retinal map in CNS targets. An implication of these findings is that it would be useful to examine whether the failure of adult retinal axon regeneration is in part due to the re-expression of inhibitory axon guidance molecules during the injury response. Important questions to be addressed include the cellular origin of these inhibitory molecules, whether these inhibitory molecules affect adult retinal axons, and whether strategies effective in changing embryonic retinal axon responses to specific guidance molecules will also work in adult axons. To answer these questions a systematic characterisation of the pathfinding ability of adult regenerating retinal axons will be required. With this information in hand, it may be possible in the future to formulate regeneration strategies based on an understanding of adult retinal axon pathfinding at the molecular level.
NOTE ADDED AT PROOF STAGE
Since submission of this review, the transmembrane semaphorin Sema5A has been implicated in mouse optic nerve development. 
